We study random telegraph noise in the conductance of InAs nanowire field-effect transistors due to single electron trapping in defects. The electron capture and emission times are measured as functions of temperature and gate voltage for individual traps, and are consistent with traps residing in the few-nanometer-thick native oxide, with a Coulomb barrier to trapping. These results suggest that oxide removal from the nanowire surface, with proper passivation to prevent regrowth, should lead to the reduction or elimination of random telegraph noise, an important obstacle for sensitive experiments at the single electron level.
upper bounds on the radial locations of individual charge traps. The capture and emission dynamics we observe are consistent with traps that are charge neutral in the empty state and negatively charged in the filled state, i.e. electron traps.
II. METHODS
The InAs nanowires used here are grown in a gas source molecular beam epitaxy system using Au seed particles 18 . Nanowires are mechanically deposited onto a 180 nm thick layer of SiO 2 on top of a degenerately doped silicon wafer. Using scanning electron microscopy, we select untapered nanowires with diameters 30-60 nm for contacting. Ni/Au Ohmic contacts are deposited after an etching/passivation step 19 , with a typical FET channel length of 1 µm.
The sample is then wire-bonded to a chip carrier and cooled in liquid helium vapour, with temperature controllable between 4 and 300 K. Differential conductance at low frequencies (0.1 − 2 kHz) is measured with a standard lock-in and current-voltage preamplifier circuit.
The lock-in output is measured with a digital oscilloscope, and conductance traces up to 20 s long are recorded. The measurement bandwidth is determined by the filter of the lock-in, and for these experiments was in the range of 0.3 − 3 kHz.
III. TRAPPED CHARGE DYNAMICS
To study the trap dynamics we measure the average capture and emission times of individual traps. Because RTN is known to follow Poisson statistics 11 , these times are obtained by taking an average over many conductance jumps. The capture and emission times can be described by the Shockley-Read-Hall relations as 14 :
(1)
where the average capture time τ c is inversely related to the product of the density of free electrons n and the capture coefficient C n . The density of electrons can also be expressed through Boltzmann statistics using the energy difference between the conduction band energy E C and Fermi level E F , where N C is the effective density of states in the conduction band, k B is the Boltzmann constant and T is the temperature. Similarly, the emission time reflects the energy separation between the conduction band and the trap energy level E T .
The typical conduction electron density in the nanowire is ∼ 10 17 − 10 18 cm −3 , including a surface accumulation layer, suggesting that the capture time should be short for a trap in the nanowire or on its surface. Experimentally, however, we find that the capture time can often be on the order of seconds or longer. This discrepancy suggests two things: (i) the capture coefficient must be small, indicating a trap located outside the conduction volume (e.g. in the native oxide), and (ii) there is an additional energy barrier that must be over- the Shockley-Read-Hall predictions. It can be written
where q is the trapped charge, x T is the trap location relative to the nanowire surface, T ox is the thickness of the gate oxide, V G is the back gate voltage, V F B is the flat-band voltage, and Ψ S is the surface potential. Taking into account this Coulomb energy, we replace
, where E T 0 is the energy level of the empty trap. It is also necessary to include an energy E B in both equations 1 and 2 to account for a multiphonon emission process 13, 20 . This term is gate voltage independent and is the energy barrier for the simultaneous emission of several optical phonons.
This process mediates the transition of the electron-lattice configuration coordinate between the free and bound electron states 21 .
The energy barriers for capture and emission can now be written as By measuring the average capture and emission times versus changes in temperature and gate voltage, the expressions for τ c and τ e allow us to extract information on the trap energetics. The temperature dependence of capture and emission times is fit to τ c,e = αe E cap,emis /k B T . From α we obtain N C C n for both capture and emission. For each trap studied in detail, these coefficients were equal, within error. Additionally, this fit The dependence of τ c / τ e on V G is used to extract an upper bound on the radial distance of the trap relative to the nanowire surface.
yields the activation energies of trapping and detrapping E cap = E C − E F + ∆E + E B and
Upon studying a number of traps, a broad range of activation energies is observed. At temperatures from 8 − 18 K, we find for one trap E cap = 1.6 meV and E emis = 0.9 meV (figure 2b). In the temperature range 40 − 60 K, we find E cap = 71
meV and E emis = 94 meV (figure 2c) for another trap. In the 40 − 60 K range, conductance jumps from the first trap are no longer observed within the bandwidth of our measurements. This is understood by considering that conductance fluctuations will occur too rapidly to be resolved when thermal energy is larger than the activation energy. On the other hand, for traps with activation energy much larger than thermal energy, electrons are unable to overcome the energy barrier, and so the charge state will be frozen in. RTN observed at higher temperatures therefore arises predominantly from traps with larger activation energies.
The Fermi level being pinned above the conduction band at the nanowire surface 15 allows us to estimate of the magnitude of ∆E. The Fermi level is typically 0 − 0.26 eV above the conduction band 22 . For the trap corresponding to the data in figure 2c , where E cap = 71 meV, the expression E cap = E C − E F + ∆E + E B suggests ∆E + E B is roughly in the range 71 − 330 meV. This is consistent with the expectation ∆E ∼ 100 meV noted by Schulz 14 . 
IV. HYSTERETIC BEHAVIOUR
Finally, we include data showing hysteretic effects that may arise, at least in part, from changes in the trapped charge population. An initial gate voltage V i was applied at T > 150 K and during cooling to freeze in a particular charge configuration. Conductance curves measured at T = 50 K corresponding to three V i values are shown in figure 4a for a 32 ±2 nm diameter nanowire with channel length 820 nm. As an aside, reproducible plateau-like features can clearly be seen in the conductance. These features could be due to populating quantized radial subbands of the nanowire, or due to resonant scattering from a defect.
The conductance curve shifts to more negative voltages as V i is made more negative. This is consistent with the expectation that as more traps are depleted of electrons, the average conduction volume in the nanowire increases, requiring more negative gate voltage to reach pinchoff. The average slope of the conductance curve also decreases with more negative V i , indicating a lower effective mobility. This is also consistent with a greater fraction of carrier density near the nanowire surface, which should dominate scattering. In particular, at V i = −9 V we observe a pronounced low-mobility tail just before pinchoff.
We cannot assign the shift in conductance exclusively to the nanowire oxide traps, since
SiO 2 charge traps and the gate-induced ionization of InAs surface states may also contribute.
V. CONCLUSION
We have shown that an oxide trap model in which electrons must overcome a Coulomb barrier, in addition to a multiphonon emission barrier, to move into a bound state correctly describes sources of RTN in InAs nanowire FET devices. The model was used to extract activation energies and to place upper bounds on the radial locations of several distinct traps.
Due to the appreciable density and broad activation energy range of these oxide traps, RTN is commonly observed in nanowire electronics, and hinders the performance and stability of single-electron devices. Our results suggest that oxide removal from the nanowire surface, with proper passivation to prevent regrowth, should lead to the reduction or elimination of RTN, an important obstacle for sensitive experiments at the single electron level. Recent advances in chemical passivation 24 might accomplish this. Further research on epitaxial
